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thecoretical study of two-phase continuum flow of hydrogen and air,

for a given range of initial conditions is presented. Assumptions include;

{1} ccndensed phases form z dilute suspension of sphericzl particles in the

as paase, {2) finite rate svaporation of condensed hydrozen at uniform

particle triaperature wi ~ type heat and mass transfer, {3} equilibria
air rondensation, (') cne~diinensional, rlobaily-inviscid flow at uniformn

pressure, {3) ne;liiible relative velocity of gas and condensed phases.

Of special interest is the method emploved in calculating the two-phase

boundary and subsequent condensation of the air during the hydrogen evapor

tion process. This invelves assuwuing the presence of an arbitrarily amal

riass {raction of condensed air when the two-phase boundary for the air is

crossed and perimits the calouliation of the maultiphase Gibbs poteniials whic

are cxpressed in terms of mass fractions associated with each phase pr»

ten {1Q) parsmeters of the problem are in six {§) mass fractions for
O-, N}:' and HZ; the hydrogen particle temperature; the two-phase air an
phase hydrogen tem raturt. the particle radius, and the overall degroe
vaperization. The rasults indicate evaporation tirnes on the order of 1U

for "1y radius particles, for the range of conditions of interest here.,

his rescarch was carried out under Contract No.o NASE-20EE with the
i

1

T
National Aeronzatics and Space Adminisiraticns Gecrge O Marshall Fii b

Center, Punitstille, Alabama.
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1.

FINITE RATE EVAPORAIION OF CRYOGENIC

HYDROGEN IN TWO-PHASE AIR

INTRODUCTION

In Reference 1 a general analysis for the viscous flow of a mult

fa—

component-mcultiphase system is develuped and applied to a Tow temperat:

-

ou the basis that an olemental particle of

rapid temperature

rydrogen jet issuaing into air.

changes as it moved through the mixing region.

Fuarthe

The jet was assumed in phase cquilibriun

more, the equilibrium assumption reduces the mathematical complexity

. . -4
leading to a relatively strafght forward

limiting case,

mixing with the air.

D

T

i3

F-

w

3
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i

o

P I S |
i

iydrogen pnresent in the exit nlane of the jet must flash

e

ure during mixing at a censtant mixture pressure,

The purpuse of the present investigation is to examine

equilibrium behavior in the two-phasehydrogen-air system.

the non-equilibrium hydrogen evaporation will be studied,

is assumed to condense in equilibrium,

bl

This ocvcurs in virtue of the decrease in

SOme

the mixture was naot sublected to

Lo vapor on

3 -
by

d

rogen

non-

in particular,

Th

e

air,

howewvier,

“"sartial equilibriam’ analysis. In order to focus atteontion on the non-
: 7

cquilibriam behavior a simple constant pressure, pgiobally is

o
<

Thus, the studyv mav he termed a

i

mvans for calculating this important

A basic featur« of the cquilibriwm condition is that the con-



-

tube is chosen for the flow configuration,  The condensed hydrogen is
assumed to be a cloud of spherical particles having a uniform size.

Furthermore, the cloud is assumed to form a dilute (non-interacting)

suspension in the gas phase. The hydrogen is injected uniformly across
the stream tube and at the air velocity, This together with the constant

pressure condition precludes dynamic non eqguilibrinum between the nhases.

Thus, with prescribed initial thermodynamic coordinates and particle 5123,

the time history for hvdrogen evaporation can be determined based ou
appropriate rate laws for heat and mass transfer.
The authors gratefully acknowledge the wolk of Mr. Jay Hoffman in

programiming the present analysis for digital co:nputation.
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II. ANALYSIS:

The general conservation equations forming the basis for the preson!
analysis are given below. For a detailed account of their development,
the reader is referred to Reference 1. In the absence of chemical reations,

we have!

Countinuity of Mass:

Glohbal:
V(P Vet Zfp V)= O (1)

th ~ [
1 Condensed Phase!

V'OFL\i’f_} = VPF V’JL\?{F‘L = "Wv\,

where,

>
b
o
S
YT
?\J

th
i Gas Phase!

V"!Gg!/_&\fvg = Wm - Jve

where,
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Momentums:

Clobal:
9 ‘3 V Y_a + "Z 1.‘OP‘ ' v !rk

ith Condensed Phase:

/ V-V‘Ja
' =r ~F (zv, '

J L

where, denotes the total gas pha

Evhr,

1 condensed

SpPpeCics,

. = - V : i«
ith Condensed Phase:

FroVp. Vhypo =

The redoction of the above

he

P
)

application iuvolves followlag conditions

(1) Viscosity, heat'conductivi ty, and diffusion
negligible, i, AL = = D
’ y // ; K‘) LS8} ;

and Jve are , respectiively, (2

Zore
The constant

the air velocity is satisfied for zero veloont:

THLD L ‘ . <} 165~ Y N 3
This affords a simplification in th

pProcess,

Se TOvae

system of cguations for the pros

acting on the

i

which must be satisfieod,

on the global scale are

pressure condilion together with the injection of hyvdraocoen at

td g througnout the cntire

at Fg.'s 6 and T are Clontically




satisfied with \/r:& - V.q_ constant,
Returning to the roemaining governing egquations we have:

Global Continuity:

{10)

W‘hle‘ e,

and

o
—
(%)
—

Applying the Divergence Theorem to Eq. 10 over a volume of

length, ds, and cross-sectional area, A, gives:

S

d(”.AvY =0
ds

——
——

Note that V is constant so that '/Cw A is constant,

ith Condensed Phase:

Eq. 2 becomes:

.

d (AVA, x) = - Wy A (14)
ds

ith  Gas Phase:

Eq. 4 becomes:

J

Jd (AVA Y)Y = wv A .
9

—

' K
L



It is convenient to introduce a new variable to replace 7, and 7. . In
this regard, we define the 'degree of vasorization' given buy:

’0’2 = /Oj {1¢)
P

which denotes the ratio of total gas phase mass to the total mass,
Frirthermore, the area, A, may be «liniinated via Eq. 13, Thus

Eq. 14 becomes:

—
[
-

—

t

P d ClzzlXe = =Wy,
d t

where V= ds Eq. 15 becowes:

——

d

-t

/Om (/‘ ";.YL = WVL (15)
d+

Now, kq.'s 17 and 15 yield the conservation of the total mass of species i

P
A\

Yoy & Xo(m7y) = cewnst. = B (i)

In virtue of tne equilibrium condition for 0, nd N» the continaty Faguations,
17 and 18, for 0> and No> are replaced by cquilibrium relations, Fhus, {or
hydrogen, we have:

._(0“\ iiﬁvi‘"g‘;xml = - \Aj\,-m~ (20)
dt

where as for 05 and N, we hav~ the cquilibriam relations:

Y. - Ao s . (2l a,b)

o

[/b hs\ + Ll-l"i w.l} L‘v*ﬂlb‘vi]‘lp .
rf



and,

Wq4q wpp
Xoo = Bl e L X T

5 V23
[’*; Fs, ¥ Ci-7%)

. Wy
I /o
'\vp,a &l~xﬁl X

Worte
for i = 03 and N2,

A brief development of these relations is given in

Appendix I,

~ In addition, for each phase, we have:
4

Gas Phase:
P B

Condensed Phase:

Z X, =i

i
-

where: j =02, N, and H

Fq.'s 20, 21 a, b, 22 a, b, 23 and 24 may be regarded as expressing

conservation of mass for the mixture and the

th
-
o}
-
v
-
™
vl
A

in sach ohase,

)

An auxiliary relation required for the

hydrogen particle radius is

deduced from the conservation ot hydrogen mass for a sin

This is given by:

.

\

dr - e W, (

—F e S Y

JL BPPH\

where the hydrogen density, S‘H , takes on
a

v

constant values aver

prescribed ranges of teimmperature,

=0 (2

N

{~

AWl



Energy:
Global:
Since the [low is inviscid on the global scale, Eq. & becomes:

Vo

, . Vo . (26)
v.[(ﬁahaﬁfrhf)\_/, 4'(0\,,.. —= ‘1._/] >

3

and in virtue of the constant vdocity condition this cquation 1s merely

a statement-of constant giobal static enthalpy:

T \ Yo Yo e 1aef-a)in e, h= 0 (27T
a Yo, hao, + Yeoige, 0 T hy.. L+l 8)LA(_:“L\FC1,XL—LAFM*.XJ;",F,,;X ¢ (2

.} [l CC«’V"'!;“Q,\"*
ith Condensed Phase:

In virtue of the equilibriurm conditton fur the air and further assuming

the hydrogen vapor is in thermal equilibriun with the air a single cquation
is required to describe the temperature of the condensed hydrogen,  This
is given by

" ' (28)

Fpru —J—-QF“x T K, - \'U‘JHINLHl
dt

L
where ' is the heat transferred to the particles of hydrogen and L
- 4 / o H\

-

is the heat of vaporization,

State:

Assuming perfect gas behavior, we havs for the total gas phase:

Ro = PO (29}



Furthermore, the mass conceniration of hydrogen vapor at the

particle surface is given by:

—
o

-

~——

Pouse = 2 Feae
RTe

In addition, the phase equilibriam constants are given by:

loa e, = F131-4%2 - lcg. 762 Fe (51)

T
and
‘C’i.o hsu = { 651 - ":‘igq -lc”' t el p"‘
¢ + Tar
Static Enthalyy:
. .
hjol = 0. 215 Te
1- th:éu_‘ - C.w L YWe T'}
W G P Ty = 107105 {32)
3”“' - - Y
Q'ng’*'lf . T‘j, EANZAnt

and the condensed phase enthalpies are obtained by subtracting anpronriate
heat of vaporization values for each of the three components,

Rate Relations:

Mass Transier:
The mass transfer {rom the particles is taken to be properiiondl to the difterence
n mass concentration of hydrogen at the particle surface and in the bulk gas

phase. Thus, we have for low Reynolds No. flow about the varticle:

' 53)
W, M, = 3/ Xn. D ( 30% nos P ) .
Bh“ {\pl )

where D is the diffusion coefficient for mass transfer.



Heat Transfer:

The heat transferred to the particle is proportional to the temperature

difference. Accounting for the energy given up to the hydrogen vapor
Er B i J & I

flowing away from the particle we have

Wy Cpwa

. - o
Qu, = 2% *n 10 LTe-Tpl ﬁ.rﬁ", (34)
X ro* W, Upvya
“H. r L LR -

Summary of Governing Equations:

Continuity of Condensed Hydrogen Mass:
y b £

d Cy- j:,LL*.E by = 6 C
dt < *

Particie Radius:

Energy:

Gilebal:

,5' (,‘QL"R%:& . TLM -ho”l 4 %HthH.‘)*u"‘}}Lxs'%r@‘ 4 \fw';_ VF":. Al y\m Vfw_) - Cft."rn;f'i’
(37)

Condensed Hydrogen:

d & ) o ; - -~
—\.u.__ﬁri—-" - !S LT% "T EL_ -Hti?w r'p. ’i JE N — + D L & (ofé i - g‘J * >5\}

. R wy Cpun
At S e \P‘ e ?})r:q - én -3

Equilibriam Air Relations:

wv Qg 3

The working form of these relations are given by Fq, ts5 2] a,b and 22 a,b.

Summation of Mass Fractions:

These relations for the mass fractions in each phase are given by kg.'s

o 1o 4
2 S0 L%,

¥
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&

State Relations:

These are giveu by Eq. 's 29 through 32.
Note that the governing equations are similar with respect to .{-/\';o where {g,
is the initial particle radius. The ten unknowns Ty X Ty, 'l‘g, Tp' and -
are governed by Eq.'s 35,36, 37, 38, 21 a,b, 22 a,b, 23 and 24 where the
equations of state have been substituted,

The solation of the ten equations was obtained by converting the
algebraic integrals to ordinary differential equations,  This system was
integrated simultaneously by a standard predictor-corrector pavkage aftel

inverting the cocffiicient matrix by Gaussian reduction.  The general form

of the governing dificrential cquations 1s given by:

~ Vs _ .
JZ Q= R (379

¥

(&3

N
‘

L)

where the B,

i and the Fj are functions of the Qj’s and are given in Appondix L.

4,
The initial conditions, i,e., the initial Q.'s, are {ixed by specitving Ty, v,
i yost s Lo ;
Tg ' Bi' PO and the arbitrarv amount of BH which is in the condensed phasc,
’ 2

The initial Tg’ B., P, and the condensed {raction of hydrogen together with
Eq.'s 21 through 24 fix the distribution of the air between the two phases.
Thus, the Xj, Y; and = are determined at the initial point,

The pertinent therimodynamic data were obtained from Referonces
Loy

2, 3, 4, 5, and 6 and the transport cociiicients were computed frum work

presented in Reference 7.



I DISCUSSION:

The results of the calculations are shown in the attached curves.
Each set of curves, a through d, display the time history of the variables
in question under a particular set of initial conditions. Figures a show
the particle radius, r, and ratio of tutal gas phase mass to the mass, z .

Figures b show the hydrogen particle temperature and the gas phase

i
2
=
z
<
rt

temperature, “jgures ¢ and d s he gas phase and condonsed phase

mass fractions, respectively.

We see that for all cases considered the evaporation time is of the
order of 10"5 seconds {or 1 micron particles. Case by case, however, the
eviporation histories are subsgtantially different, that is, the occurrence of
two-phase air during the evaporation process is a featurs of considerable
interest regarding general behavior of twou-phase flow problems,  For exampl:
in Figures 1, 2 and 3, the conditions are such that the air is initially all in
the gas phase., The subsequent cooling of the air is sufficient to bring it
into the two-phase region. The criteria for =stablishing the point at which
the air begins to condense is determined by satisfying the equilibrium
relations under the condition that the"gai:- is all gas. That 18, by consider-
ing 03, say, as all gaseous, a relation fixing the saturation point of the air

4

subsystem may be derived., This is given in Appendix IlI,  The results

shown in Figure 4 arc based on conditions for which two-phase air exists



initially. This can be seen in Figures 4c »nd d.  An interesting feature of
this case is the behavior of the particle temperature which passes through a

minimum before reaching the point of comuicte tydrogen evaporation. The

reason is associated with the energy the particle loses by evaporation relative to

energy externally applied to the particle,  Thus, for the case under conside
*

rg

I

the heat reaching the particle is insufficieat for evaporation and the additional

energy must be gerived from the particle itself, Thus, the particle energy

decreases which is accompanied by the temperature decrease. Since, however, 'n

heat transferred to the particle increases faster than the evaporation rate
during the evaporation process a minimum temperature is reached and a
reversal in this trend occurs, Figure 5 shows the effect of an initial air
temperature sufficiently high so that no air condensation occurs during the
evaworation process. In this case, the larger temperature difference 1s such
that the heat transferred to the particle is sufficient to supply the heat of
vaporization and, in addition, to raise the particle temperature, Figure 5b.
The effect of variable particle temperature is shown in Figure 6.  Here, the
same initial conditions as those applisd in-oblaining the results in Figure 5
were used with the exception that the particle temperature was held constant,
The time for evaporation increases by a factor of tive (5) which illustrates the
importance of pruperly accounting for particle temperature variation, Note that

in cases where the particle temperature normally would decrease, the constant

atio

+




14,

temperature assumption would tend to decrease the evaporartion time,

’
Figure 7 shows the results of calculations for the evaporation of condensed
hydrogen in an atm‘bsphc,*re of hydrogen gas. In Figure & a constant particle
temperature calculation is presented having the same initial couditions used
in computing the results shown in Figure 7. These hydrogen inte hydrogen
cases are not of particalar importance in the present context and are presented
for comparative purposes only., A further soint of interest is the effect of
heating the hydrogen vapor as it passes from the pariicle surface temperature
to the surrounding gas temperature. This c¢ffect is accounted for in the
bracketed quantity of the first term on the right hand side of Eq. 34. 1If this
quantity is allowed to equal unity then, in effect, all the enerpy transferred
through the film reaches the particle, Fipgure 34 contains the resulis of this
assumipion for the same initial conditions Y.'ISPd in arriving at the resalts in
Figure 2. Although the effect is not extensive there is a slight increase In
particle temperature and subsequent small decrease in evannaration time.

It should be noted that this work is applicable to a streamline calculation
provided the acceleration is small. Thus, the present analysis may be applied
for the determination of variable outer edge conditions in a fairly important

class of two-phase boundary layer problems.




In general, the resulting evanoration tines are strongly dependent
& by &) i

on the continuum assumption regarding the boehavior of the vaporsurrounding
H & t =

the condensed particles. When high altitudes are encountered, say above

' m, with narticles of the order 1to 16 microns, it may be necessary
40 km, with particl of t rder of 1 to 16 rons, it may b Ary
to revise the analysis

s to account for the offvct of haviune rarelicd air relative

to the particles,
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3K;K=

n

LIST OF SYMBOLS

mass fraction of species i in the total mixture.

specific heat cal/gm ok

particle diffusion coefficient cm?

seC

particle internal enercy cal
gm

enthalpy - cal

gEm

phase equilibrium constant

particle thermal conductivity cocfficient cal

Page

Ok-cm-sec

heat of vaporization cal

gm
Pressure atm
H . - cal
ot afe te -
eat transier rate oS ——oow

gas constant per mole
particle radius - cm
absolute temperature oy

fﬁ
time sec

16
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Page 17

11

molecular weight

Y
s (T ——:1— } -1 2 gas phase molecular weight
i

i
Xy
= (X W )~ = condensed phase molecular weight
i i

___—&IYI

Cln3 - sec

= evaporation rate

= mass and mcle fraction respectively of ith condensed species
in total condensed phase

mass and mcle fraction respectively of ith gasecus species
in total gaseous phase

mole fraction of ith condensed species in total air condensed
phase

3}

= mole fraction of ith gasecus species in total air gasecus phase
= ratio of total gas phase mass te total mixture mass

= mass concentration of gas phase hydrogen

= mass concentration of gas phase hvdrogen at particle surface

condensed particle density

=2 yibbs potential
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A=l
APPENDIX 1

The terms appearing in eq, 's 13 are given in the followingz:

The Qj's are defined as follows:

Q= "
Q= Koy
Q3: XU\
Q4= XHI
Q.= Y,
2 Al-1
Q.= Y,
07 = \Hx
= T
08 4
Qg= Tp

Q.. = r
~10 P

where the total time derivative is determined by:

.Q~ = d\a‘;’ Al-2

< d't
The Bij's are the coefficients of the Qj's and eachBj, is

J

associated with a particular gover:ing equation as listed below:

Equation

BIJ P e ] 1
sz ta for i = Oz
B3j tt for 1 = Np

B4j 8 Al-3



BSj — 5a for 1w O,
Bt’:-j 5b for i = N
B7j T
Bg; 4
ng 3
B1oj 2

4

Thus, the Bij's are yiven as follows:

By = - Ny
B12 = O
Biz= ©
Byg = -2
Bg = ©
Byg = G
Bi7 = O
18 ©
Bjg = O
B, ,,= O

Al-4
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By .= O
By = |
By =
Byy = |
Byg = O
By = ©
By = O
Byg = O
By = o

A5

Al-7
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APPENDIX II

A-10

In the present ''partial" cquilibrium analysis equatiens 5a, b, and
B P q b4 q

ba,b express relations between the mass (or mole)fractions within the

equilibrium subsystem of the overall mixture. We shall discuss bricfly

here the development of these relations for an ideal mixture.

In terms of mole fractions the Gibbs pctentials are given by:

condensed phase:

Moo ~ 9;(. + RT bLm x/
. ’
T T, =57 | P
where 3 = + R1T v s
‘e
therefore, - -, - -, <
Uoe = .. + RT w X7 ~lg
£
and similarly for the gas phase:
- . 7 < . (;1' ~"<;" ! ; f "\/
,1/ Ly M g 1T &m0 ’"Jfa

A II-1

A Il-2

A Il-3

All-4

where it is understood that the fugacities are identic:l to the pressures

and the activity coefficient are unity. Furthermore, the mixing process

which defines Eq.'s AIl-3 and All-4 is one in which the pure condensed

phase components are under their vapor pressures and the pure gas phase

components are each under the mixture pressure.




A-11

Now the equilibrium condition requires the potential of each species
to be equal in each chase. Thus, we have:

/:{Lc. = /2;«3 A II-5

it follows that:

or -
i -
i \ g FL 3 = K‘?u
= ] v 117
X, oy
Note that the primed variables refer tc the equilibtrium subsystem and
therefere § applies to C, and N,.
The net conservation of global mass mavy be written:
- ' - : “ o= 3 i -
(24 —(';‘.YJ + (1 ,D\XJ J = 01)’\11’)”1 A 1I-8
and upon applying this general statement tc C) anid Ny, we get
Ze.'s 5a, b and fa, b,
Criteria for establishing state at which air enters two-phase revica:
We have;
— —, -
YOJ‘ = Xol h¥01 = XD-,_ h’&ol
- X 1
| XHX (1)
and - - —_ ‘
Tog = Xw s, = Aws Wgw
- X (2)
Hl
but
(3)

We have: Equatidh 1.



?—01 = ;\:Dl K;ck
b= A, . (5)

and with equations 3 and 4, equation 2 becomes:

(- You -Yu. = [1-Xea- Xpy 3 Hsn,

| - XH,\

L

(£)

» . x*
Combining (5) and (£}, we get:

*
~
Q
4

]

[ 2
LUtswa =) 1 Yral Kson

e
K?bl' k‘“’x . (1)
but —~ -, - {(Mote prime denctes
Yol = YO:. (t' Yﬁz_\ air subsystem., )
<
and At 04 is constant uantl coundensation of air occurs,
3 ~ /
Thus \rcl = 0.2}
L. {7) may be written
v b
[Lh’qpl-ﬂ #YH;J Yo - = 0,2\
' (Fsw, - weo Y- Tua) (8)

Also,

e = G )| Cloma) v T
s v, - Weo, (9)




A~13

Eq. (9) is not needed here,
Now, £q. (8) is satisfied at a particular siate and represents
the point at which condensation begins. That is, it satisfies equil-

tv
ibrium at a state where all Oy is gas, i.e. Yo,_-'» 0.2y,
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